Abstract: Forestry practices are placing ever increasing emphasis on sustainability and the maintenance of ecological processes, biodiversity, and endangered species or populations. Balancing timber harvest and the management of imperiled species presents a particularly difficult challenge during this shift, as we often know very little about these species' natural history and how and why silviculture practices affect their populations. Accordingly, investigation of and improvement on current management practices for threatened species is imperative. We investigated the effectiveness of habitat buffers as a management technique for the imperiled Red Hills salamander (Phaeognathus hubrichti) by combining genetic, transect, and body-condition data. We found that populations where habitat buffers have been employed have higher genetic diversity and higher population densities, and individuals have better overall body condition. These results indicate that buffering the habitat of imperiled species can be an effective management tool for terrestrial salamanders. Additionally, they provide further evidence that leaving the habitat of imperiled salamanders unbuffered can have both immediate and long-term negative impacts on populations.
Introduction
Silviculture practices in temperate regions can have a wide range of negative effects on species richness and abundance [1] [2] [3] [4] [5] [6] , but the face of forestry is changing rapidly, placing more emphasis on sustainability and the maintenance of ecological processes, biodiversity, and endangered species or populations [7] [8] [9] . Implementing management for imperiled species that balances the needs of silviculture with the needs of the presents a particularly difficult challenge during this shift, as we often know very little about rare species' natural history and how and why timber management practices affect their populations. Accordingly, investigation of and improvement on current management practices for threatened species is imperative.
Often, management practices for imperiled species are implemented without solid evidence that they lead to species recovery, wasting conservation efforts and reducing harvest unnecessarily [7] . This has frequently been the case for amphibians, whose complex life histories make prediction of the effects of habitat fragmentation difficult [9, 10] . The Red Hills salamander (Phaeognathus hubrichti) is a textbook example of a species whose continued existence relies on effective habitat management, yet to date no studies have directly investigated the long-term effects of management practices.
Phaeognathus hubrichti is a U.S. federally listed (IUCN endangered [10] ) species, endemic to a small (<150 km 2 ) region in the Red Hills of southern Alabama, USA. It is restricted to steep (generally >20°) mature hardwood or mixed conifer slopes, where individuals build their characteristic burrow entrances [11, 12] . Individual salamanders spend nearly all of their time, including foraging and development of young, underground or at the entrances to their extensive burrows [13, 14] . Destruction and fragmentation of habitat is the major force behind P. hubrichti's decline and its continued small population sizes [11, 12, [15] [16] [17] [18] . Because the vast majority of P. hubrichti habitat is within active timber plantations, understanding how management of the remaining habitat affects the current and long-term status of the species is fundamental to its recovery. Typical management guidelines for the species are outlined in habitat conservation plans (HCPs), an agreement maintained by industrial forest landowners in partnership with the US Fish and Wildlife Service. Currently, the range of P. hubrichti is thought to encompass eight areas covered by standing HCPs (J. Smithem, personal communication). The majority of HCP guidelines are derived from recommendations made by Dodd [11] and are based on transect data that focused on the abundance of burrows.
Dodd [11] suggested that the surrounding habitat matrix had a large impact on P. hubrichti populations. His data revealed that heavy ridge-top timber harvest, up to the edge of salamander habitat, resulted in the loss of salamander burrows on the top third of slope habitat. In contrast, locations with a ridge-top buffer harbored salamander burrows on the top two-thirds of the slope. Burrows were uncommon on the lower third of the slope at all sites [11] . Buffered sites therefore theoretically provided twice the amount of habitat provided by unbuffered sites. Accordingly, one of Dodd's [11] foremost habitat-management recommendations was to provide a buffer above and below remaining salamander habitat during timber harvest. However, not all HCPs follow this recommendation. Furthermore, the effects of a habitat buffer have not been empirically tested, and whether buffers provide a long-term solution for Red Hills salamander management remains unknown, as does whether populations can easily recover from unbuffered timber harvest.
If buffering habitat benefits the species, we would expect to see higher genetic diversity, burrow density, and average body-condition indices (BCIs, an indicator of salamander health and fecundity; see [19] [20] [21] ) at buffered sites, but individuals at unbuffered sites may simply be moving and establishing burrows in the remaining suitable midslope habitat (the retreat hypothesis; [22] ). In the latter case we would expect to see similar genetic diversity, burrow density, and BCIs at buffered and unbuffered sites. In addition, we would expect the distribution of burrow entrances to be more clumped at unbuffered sites. Of course, all of these factors can also be correlated to other influences, such as habitat area and management history. However, given that P. hubrichti inhabit a very narrow portion of available slope habitat, generally less than 100 meters, even large habitat patches may be affected by a lack of buffers. Thus, evaluating habitat buffer provides much needed data for the management of public lands and to help guide HCP recommendations.
The objective of our study was to determine whether unbuffered P. hubrichti sites differed from relatively undisturbed buffered sites in burrow distribution and burrow density, salamander body condition, and genetic variability. Specifically, we asked the following questions: (1) Do salamanders at buffered and unbuffered sites differ in extent of genetic diversity or in level of inbreeding? (2) Do buffered and unbuffered sites differ significantly in burrow density? (3) Do buffered and unbuffered sites differ in the aggregation patterns of burrows? (4) Do individuals from buffered and unbuffered sites differ in overall body condition? We also explore the relationship between slope angle and burrow density and aggregation.
Experimental Section

Field Data Collection
Fifteen P. hubrichti sites were selected, 7 buffered and 8 unbuffered (Table 1 ) from all known locations for this species. We selected buffered sites on the basis of the presence of a relatively intact and mature band of forest of at least 10 m above and below slope habitat. Sites selected were distributed across four of the six Alabama counties known to harbor P. hubrichti: Butler, Conecuh, Monroe, and Wilcox. For each site we conducted line transects to estimate burrow density and distribution on the slope; standard location was taken on each transect. A more detailed description of transect methods can be found in Godwin 2008 [17] . Because of their straightforward identification, burrow entrances can readily be used to survey for P. hubrichti presence and population densities (see, e.g., [11, 17] ). Though there is some risk of overestimating population density using this method due to the presence of unused burrows, it is generally easy to identify currently occupied burrows by their smooth entrances. Overall slope angle, transect length, and slope aspect were recorded for each transect. Each burrow within 1 m on either side of the transect center line was recorded. For each burrow, we recorded distance from the end and distance and direction from the center line of the transect. We also collected salamander tissue samples from several sites for genetic analysis (Table 1) .
Salamanders were captured with a size 16 barbless hook and monofilament line using the technique introduced by Mount and Schwaner [23] . For each salamander, we collected a small tissue sample from the tail and stored it in 95% ethanol for preservation. In addition, the standard measurements of snout-vent length (SVL), mass, tail length and width, and sex were recorded. From mass and SVL, an averaged BCI for the population was calculated on the basis of the individual BCI [24] : BCI = salamander mass/salamander SVL All juveniles, females with eggs, and individuals with damaged tails were excluded from the BCI analysis. 
Genetic Analyses
We used the Qiagen DNeasy tissue kit and protocol (Qiagen, Valencia, CA USA) to extract DNA from all tissue samples. We amplified eight microsatellite markers using polymerase chain reaction (PCR). Each primer was developed specifically for use with P. hubrichti [25] . Information on each primer as well as PCR conditions can be found in Lance et al. [25] . Each locus was amplified individually and labeled PCR products were run on an ABI 3730 Genetic Analyzer. Samples were genotyped with GeneMapper 3.7 software (Applied Biosystems). Scoring and quality control of data were conducted with GeneMarker V. 1.7 (Softgenetics). Microchecker V2.2.3 [26] was used to check for possible null alleles, linkage disequilibrium, and scoring errors. Quality and repeatability of data were tested by regenotyping of 10 individuals per locus. This test resulted in a repeatability success rate of >99%.
For genetic diversity analyses we pooled individuals by site. Allelic richness, observed heterozygosity (Ho), and FIS (inbreeding coefficient) were calculated in FSTAT version 2.9.3 [27] . A permutation scheme was used to determine whether habitat types differed significantly in allelic richness, Ho, or FIS. Individuals and their respective genotypes were allocated at random to each group (the number of samples in each group was kept constant) 1,000 times. The p-value was calculated as the proportion of randomized sets of data giving higher allelic richness and Ho for buffered sites and a higher and FIS for unbuffered sites. Permutations were done in FSTAT version 2.9.3 [27] .
Transect Data Analyses
Using the transect data, we calculated burrow density (number of salamander burrows per square meter of surveyed transect area) and two indices of aggregation. To remove any random bias that might have resulted from the selection of transect starting points, we used only transects along which more than 10 burrows had occurred, hereafter referred to as burrow-rich transects. This procedure also insured that we compared only the likely highest-quality habitat from both buffered and unbuffered sites. These data are therefore probably a conservative estimate of the differences between the buffered and unbuffered sites. However, to ensure that this approach did not skew the results, we also ran the analysis with all transects that had at least one burrow. Since the results did not differ significantly, we report results from the original analysis below.
We calculated the index of dispersion (ID) and the index of mean crowding (IMC) [28] for each transect to evaluate the level of aggregation that P. hubrichti burrows exhibited at each site. We calculated these matrices by converting each transect into a series of 1-m 2 plots. ID is useful in comparing the aggregation of populations because it is independent of mean burrow density [29] . IMC can be thought of as the average number of individuals found within the same plot as a randomly selected focal individual. These indices provide us with an estimate of how individuals are responding in a spatial context. For example, using these matrices, we can infer whether individuals at an unbuffered site are clumping together in the remaining suitable habitat (i.e., show a higher ID) or whether habitat disturbances cause individuals to be less aggregated (i.e., show a lower ID) than at a buffered site. ID and IMC were calculated with the spatial statistics program PASSaGE 2 [30] .
Comparison of Buffered and Unbuffered Habitats
In order to compare the means between buffered and unbuffered sites, we ran a series of least-squares means regressions and nested analyses of variance (ANOVAs) with site as a random factor nested within treatment. All variables were tested for normality and homoscedasticity before statistical analysis. Non-normal variables were either square root (ID and IMC) or log10 transformed (burrow density, length, and BCI) to normality. Transects were pooled by site status (buffered or unbuffered) for all statistical tests. Given that we found a strong relationship between slope and burrow density, we ran an analysis of covariance (ANCOVA), again with site as a random factor, to determine whether the density of salamander burrows at unbuffered sites was significantly different than that at buffered sites when we accounted for slope angle. We also ran a least-squares means ANOVA to determine whether males and females differed significantly in BCI value, because P. hubrichti is known to exhibit sexual dimorphism [31] . Given that BCI has been shown to exhibit biases that can lead to misinterpretations of data, we also used the residual index method as suggested by Jakob et al. [32] .
General Patterns
We pooled all transects to get a general picture of the factors that influence P. hubrichti abundance. We ran a series of regression analyses to investigate the relationship between habitat and burrow characteristics. Specifically, we used least squares means regressions to examine the effect of slope angle on burrow density, ID, and IMC.
Results and Discussion
Genetic Diversity
We collected a total of 110 tissue samples (54 from buffered and 56 from unbuffered sites) from 10 sites (5 buffered and 5 unbuffered; Table 2 ). Allelic richness was significantly higher at buffered sites (p = 0.02; total allelic richness: buffered sites = 82, unbuffered sites = 70). Buffered sites had a total allelic richness of 82, while unbuffered sites had a richness of 70. Buffered and unbuffered sites did not differ significantly in FIS or Ho (p = 0.5 and p = 0.45; Table 2 ). 
Transect Data
In total, we collected data from 1647 transects across the 15 sites (mean 109.8 transects/site; Table 1 ). Only 107 of the total transects were "burrow-rich transects" and thus were used to calculate ID, IMC, and burrow density (60 at buffered sites, 47 at unbuffered sites; mean of 7.13/site).
Comparison of Buffered and Unbuffered Habitats
The ANCOVA revealed that slope angle was a significant covariate of burrow density (F1,106 = 3.948, p = 0.048). After we controlled for angle, we found that burrow density estimates were significantly higher in buffered than in unbuffered habitat (F1,106 = 3.6119, p = 0.026; Figure 1 , nested ANOVA). We also found a significant difference between buffered and unbuffered sites in the density-independent aggregation metrics (ID and IMC; Figure 2) . ID values were significantly higher (more clumped) in buffered than in unbuffered habitat (F1,106 = 5.675, p = 0.02; Figure 2) . Likewise, IMC values were significantly higher in the buffered than in the unbuffered habitat (F1,106 = 8.579, p = 0.004; Figure 2 ). That is, on average, a burrow in a buffered habitat has roughly 1.25 neighboring burrows per square meter, whereas one in unbuffered habitat has, on average, only roughly 0.75. We also found that salamanders at buffered sites had significantly higher BCI values than unbuffered populations (F1,134 = 5.578, p = 0.020). Males did not differ significantly from females (F1,122 = 2.724, p = 0.11). Results from the residual index did not differ from the initial analysis.
General Patterns
Our regression analyses revealed a strong positive relationship between slope angle and burrow density (F1,106 = 18.874, p < 0.001, R 2 = 0.193). Interestingly, no burrow-rich transects were found at angles greater than 50°. Slope angle was not significantly related to ID (F1,106 = 0.885, p = 0.350) or IMC (F1,106 = 2.894, p = 0.093), so individuals were not more aggregated on steeper slopes.
Discussion
Maintaining genetic diversity is fundamentally important to the long-term survival of imperiled species [33] , especially for species with small and fragmented populations, such as P. hubrichti [15] . The higher allelic richness we found on buffered sites indicates that leaving a habitat buffer around remaining habitat may aid retention of genetic diversity. This supports the consideration of habitat buffers as a fundamental part of management for this species at actively managed forest sites.
We found no significant difference between site types in level of inbreeding. Although this result may be an artifact of small sample sizes across the individual populations within the treatment types, a discussion of circumstances that could lead to lower genetic diversity in unbuffered sites, in the absence of higher inbreeding, seems worthwhile. The most likely explanation is that unbuffered sites experienced a greater decrease in population size (as shown in the transect data) and that genetic drift therefore caused rare alleles to be lost. Because inbreeding is a change in genotype frequency (and not allele frequency), rare alleles have little effect on the inbreeding level. The high inbreeding level found
in all populations is probably due to the fragmentation of the range of the species [15] . An optimal remedy for such high inbreeding levels would be restoration of intervening slope habitat. The roughly 0.2 more burrows per square meter we found on buffered sites is, given the inherently small population sizes of P. hubrichti, a considerable difference, and because we used burrow-rich transects to calculate them, these estimates are conservative. Hence, leaving a site unbuffered probably has a much more detrimental effect on P. hubrichti burrow density and population size than our data indicated.
We found that unbuffered populations were less aggregated in the highest quality habitat of unbuffered sites than in comparable areas of buffered sites (Table 1 ; Figures 1 and 2) . In this case, therefore, the retreat hypothesis is rejected. The data indicate that leaving habitat unbuffered probably increases the mortality rate throughout the population, not just in peripheral habitat. Whether individuals migrate to other habitat (as in the evacuation hypothesis; [22] ) remains to be determined, but because P. hubrichti habitat is so highly fragmented, the mortality rate for emigrates would probably be exceptionally high.
Body-condition indices have been shown to be useful for determining the effects of silviculture practices on salamanders [20] , and are a valid measure of fitness, reproductive potential, and growth rate in salamanders [20] . Our results indicated that the effects of leaving a site unbuffered significantly lowered the overall body condition (Figure 3) . The mechanism behind this pattern is unclear and warrants future research. Two intriguing hypotheses are that leaving habitat unbuffered decreases prey abundance and that increases in temperature at unbuffered sites raise the energetic cost of maintaining homeostasis [34] . 
Conclusions
Much of the literature on buffering amphibian habitat has dealt with protecting wetlands and the surrounding habitat [8, 9, 22, 35] . We have shown that buffering the habitat of imperiled species can be an effective management tool for terrestrial species. Buffering the edges of P. hubrichti habitat effectively maintained higher population densities and higher genetic diversity. Because preserving genetic diversity is vitally important to the long-term survival of small populations [33] , buffering the remaining habitat of P. hubrichti populations is clearly beneficial. We have also shown that leaving a site unbuffered can have a lasting effect on a population by lowering the body condition, and therefore long-term reproductive potential and growth rate, of individuals.
Our findings support consideration of a habitat buffer of at least 10 m from the beginning of the slope (both top and bottom) for populations of P. hubrichti on lands where timber harvest will occur. An ideal buffer would be a natural assemblage of native flora [17] where no harvesting or silviculture practices (e.g., chemical or mechanical preparation) are permitted. Because population sizes of Red Hills salamanders are so small, buffering potential habitat (hardwood slopes) adjacent to known salamander locations would also likely be beneficial. Doing so would allow for population growth and help facilitate gene flow between populations.
